[1] We investigate the freshwater composition of the shelf and slope of the Arctic Ocean north of the New Siberian Islands using geochemical tracer data (d 18 O, Ba, and PO * 4 ) collected following the extreme summer of 2007. We find that the anomalous wind patterns that partly explained the sea ice minimum at this time also led to significant quantities of Pacific-derived surface water in the westernmost part of the Makarov Basin. We also find larger quantities of meteoric water near Lomonosov Ridge than were found in 1995. Dissolved barium is depleted in the upper layers in one region of our study area, probably as a result of biological activity in open waters. Increasingly ice-free conditions compromise the quantitative use of barium as a tracer of river water in the Arctic Ocean.
Introduction
[2] During the autumn of 2007 the Arctic Ocean sea ice reached its lowest extent since the 1950s [Stroeve et al., 2008] . In this changing environment, assessing the state of physical and chemical conditions in the Arctic Ocean is now essential. Because of its role in regulating heat fluxes between Atlantic water masses and the sea-ice cover, the cold, fresh halocline is of particular importance [Aagaard et al., 1981] . The Siberian shelves exert a strong influence on the structure of the Arctic halocline through their role in distributing freshwater between the Amundsen and Makarov basins [Steele and Boyd, 1998 ], and it is known that the pathways for outflow from the shelves are highly dependent on wind patterns, both locally over the shelf [Guay et al., 2001] , and over the central Arctic Ocean [Dmitrenko et al., 2008, and references therein] . The latter wind patterns are often quantified using the vorticity of winds in the central Arctic Ocean. Dmitrenko et al. [2005] found that there was a good correlation between a summer vorticity index (for June-September) and sea surface salinity patterns over the Laptev and East Siberian Seas. Using a summer vorticity index combined with a collection of historical data, Dmitrenko et al. [2008] found that the area northwest of the New Siberian Islands had a significant anticorrelation between freshwater content anomaly and the summer vorticity index.
[3] According to Zhang et al. [2008] , anomalous wind patterns contributed to the extreme sea ice minimum of 2007 by causing more ice to exit through Fram Strait than usual, and also forced more Pacific water into the Arctic Ocean. In the Laptev and East Siberian seas, the predominant winds during the summer months (June -September) were easterly (the NCEP reanalysis wind field averaged over these months is shown in Figure 1a) .
[4] Here we quantify the freshwater composition of the Siberian shelf and slope during autumn 2007, and discuss the role of the variable winds in determining the flow paths of riverine input. This is important in the context of the extreme Arctic change seen in 2007, in terms of the sensitivity of the region to large-scale change, and its consequences for freshwater delivery to the broader Arctic halocline.
Methods
[5] In the autumn of 2007, a joint cruise was conducted on R/V Viktor Buynitskiy between the Nansen and Amundsen Basin Observational System (NABOS) project and other working groups including scientists from the Arctic Synoptic Basin-wide Oceanography (ASBO) project. Over three weeks at the end of September and the beginning of October, 71 stations were occupied with CTD (conductivitytemperature-depth) casts. We obtained water samples from 44 stations (see the map in Figure 1a ), which were analyzed for dissolved oxygen (O 2 ), phosphate (PO 4 3À ), barium (Ba), and d
18 O. The study area was ice-free at the time of the cruise.
[6] The CTD used was a Sea-Bird Electronics 19+, fitted with a dissolved oxygen sensor and fluorometer. Water samples were collected at pre-programmed depths on the downcast, with the rosette still in motion. Salinity samples were collected to calibrate the conductivity cell. Dissolved phosphate concentrations were determined using a segmented flow continuous-flow Skalar San plus autoanalyzer with a limit of detection of 0.03 mmol L
À1
. In addition to the dissolved oxygen sensor attached to the CTD, samples were taken and analyzed on board using a Winkler W-Metrohm titration unit (794 DMS Titrino) with an amperometric system to determine the end point of the titration. The average offset between the CTD and sample values was 36 ± 13 m mol kg
, which was added to the CTD values. No attempt was made to calibrate the fluorometer data; hence, data shown here are relative values only.
[7] Dissolved barium was analyzed at Oregon State University using isotope dilution-inductively coupled plasma quadruple mass spectrometry (ICP-MS), similar to the methods used by, e.g., Guay and Falkner [1997] ; the precision is estimated to be better than 3%. Samples for d 18 O were analyzed at the NERC Isotope Geosciences Laboratory, Keyworth, by equilibration with CO 2 [Epstein and Mayeda, 1953] using a VG Isoprep 18, with mass spectrometry performed on a VG Sira 10, yielding an average precision of 0.03% on duplicates of these samples.
Results

Hydrography
[8] Figure 2 shows hydrographic and geochemical profiles for the upper 100 m. Here we have focused on three sections, indicated on the map in Figure 1f . The western section has the highest salinities at the temperature minimum; this is characteristic of convective lower halocline water [Rudels et al., 1996; Woodgate et al., 2001] . The central section is similar to the western, but temperatures start to increase at lower salinities. The halocline on the eastern section shows marked differences to the central and western sections. While the water directly above the halocline is near the freezing point in the western and central sections, warmer water is present in the eastern section, indicating an advective source of the halocline waters. The halocline is also considerably less steep and deeper in this area. Profiles of fluorescence from the three sections also differ, with uniformly low levels in the western section, a surface maximum in the central section, and a deeper maximum with little fluorescence near the surface in the eastern section.
[9] Dissolved barium values are similar to Atlantic background values in the western section. In the central section, there is a pronounced reduction in barium in the upper 20 m of the water column, with enhanced levels at depths below, down to 50 m. It will be seen that this is linked to biological processes. In the eastern section, we find elevated levels of barium throughout. These, and low near-surface fluorescence, lead us to conclude that the eastern section is least affected by biological drawdown.
Water Mass Balance
[10] In order to determine the composition of our water samples, we used a four-component mass balance, using salinity, d
18 O, and PO * 4 , a quasi-conservative tracer based on phosphate and dissolved oxygen, using a method similar to that of Ekwurzel et al. [2001] . This enables us to discriminate between Atlantic and Pacific source waters, sea-ice meltwater, and meteoric freshwater, i.e., river runoff and precipitation.
[11] As we do not have oxygen titration measurements for each water sample, we use the titration values when available, and otherwise we use corrected values from the CTD oxygen sensor. As per Ekwurzel et al. [2001] and Broecker et al. [1998] , we use the formula PO * 4 = PO 4 3À + O 2 /175 À 1.95 mmol kg À1 . We then solve the following system of mass-balance equations:
where f a is the fraction of Atlantic water, f p is Pacific water, f i is sea-ice meltwater (or brine if negative), and f m is meteoric water. If the resulting fraction of Pacific water is negative (because of vanishingly small quantities of Pacific water combined with small inaccuracies in end-members and measurements), a three-component system of equations is solved instead, using just equations (1) - (3) with f p set to zero, giving the same equations as used by Ö stlund and Hut [1984] .
[12] Our end-members are given in Table 1 . These mostly follow Ekwurzel et al. [2001] ; however, our Atlantic endmember has been modified to match the lower water masses in our dataset. In addition, our meteoric water has a d 18 O of À21% to reflect that in this region the main runoff we expect to find originates in the Lena and Kolyma rivers [Cooper et al., 2008] .
[13] To quantify the effect of using a four-component mass balance as opposed to a three-component mass balance on derived quantities of meteoric water and sea ice meltwater, we have recalculated the water mass fractions without using PO * 4 ; this is the same method as used when Pacific water is not present. For those points where Pacific water is present, we get a mean reduction in the meteoric fraction of 0.006, with a maximum reduction of 0.03 where most Pacific water is present. The changes in sea ice meltwater fractions are negligible.
[14] Figures 1a, 1e , and 1f show the equivalent water column heights (i.e., integrated fractions) of meteoric water, sea ice meltwater, and Pacific water in the upper 50 m in 2007. In addition, Figures 1b and 1c show the meteoric water heights calculated using three-component water mass fractions from Polarstern cruises ARK XI/1 and ARK IX/4 in 1995 and 1993, respectively (these d
18 O and salinity data are available from Schmidt et al. [1999] ). In 2007, we found a significant amount of Pacific water in the eastern section, with no Pacific water in the central and western sections. The net sea-ice meltwater height was slightly positive in most of the eastern section and the northern part of the western section, while there was large net brine content in the central section and on the shelf. We would expect net negative seaice melt rates, since more sea ice is formed in this region than melts here [Rigor and Colony, 1997] .
[15] In the area covered by the 1993 cruise, meteoric water inventories are similar to those in 2007. However, the 1995 cruise shows a different distribution, with more meteoric water beyond the shelf break in the Amundsen Basin. However, inventories for stations east of 140°E and beyond the shelf break are much smaller, averaging 2.7 m, while the average in this area in 2007 was 6.9 m.
Depletion of Barium
[16] Figure 1d shows the spatial distribution of dissolved barium averaged in the top 50 m of the water column. Unsurprisingly, the pattern of meteoric water thickness in Figure 1a largely resembles the average barium in Figure 1d . The exception to this is the central section, where the barium levels are notably depleted in response to biological activity. We have conducted a quantitative assessment of this removal using the mass balance calculations above. Our barium endmembers for this come from different sources: the Atlantic value is based on our data; the Pacific water value comes from Taylor et al. [2003] ; and the sea-ice value is calculated from their formula S ice Â Ba sfc /S sfc , where Ba sfc and S sfc are surface barium concentrations and salinities, respectively, Figure 2 . Profiles of (a) potential temperature, (b) salinity, (d) fluorescence, (e) dissolved barium, (f) barium depletion, and (g) d
18 O for three sections; Figure 2c shows the q/S diagram for these stations. The Atlantic end-member value of 43 nmol L À1 is indicated with a dashed line in Figure 2e . assuming Ba sfc % 60 nmol L À1 and S sfc % 30. To calculate the meteoric barium concentration, we used the values from the section that appears to be least influenced by biological activity (the eastern section) and calculated the expected meteoric barium concentration from
[17] Assuming an uncertainty of 3% for the barium measurements, 0.02 for f a , f i , and f m , 0.05 for f p , 1 nmol L À1 for Ba a , 7 nmol L À1 for Ba p , and 2 nmol L À1 for Ba i , respectively, we can also calculate the uncertainty of the resulting estimates of Ba m . The average of these estimates, weighted by the inverse of the uncertainty, is 140 ± 7 nmol L
À1
. For comparison, Guay and Falkner [1998] found an effective concentration of 130 nmol L À1 for the Lena and 150 nmol L À1 for the Indigirka, while the Kolyma may have slightly lower values [Cooper et al., 2008] .
[18] With these end-members, we can determine the depletion, defined as the fraction of the initial barium concentration (Ba°) that has been removed (for positive values), or any excess barium found (negative values). The initial barium concentration is calculated from the water mass fractions and end-members in Table 1 :
For our water samples in the three sections, these are plotted in Figure 2e . While the depletion is very close to zero for the eastern section, there is a significant depletion in the central section, and in the southern part of the western section, on the shelf. This is accompanied by an excess of barium at deeper levels. This is consistent with an interpretation that barium is being removed biologically from the upper layers of the ocean, and redissolved at depth [Falkner et al., 1994; Stecher and Kogut, 1999] . The removal observed here in the central section is more pronounced than that observed previously by Falkner et al. [1994] , to an extent that the mean barium concentrations in the central section are actually lower than the background Atlantic values, even though the d
18
O values indicate a substantial meteoric water fraction.
[19] Generally, the surface barium was most depleted in areas where the nitrate was close to zero. This implies that barium mainly is removed at the end of the summer bloom, when nutrients -and especially nitrate -are depleted [Smith and Sakshaug, 1990] .
Discussion and Conclusions
[20] As previously discussed by Guay et al. [2001] and Dmitrenko et al. [2005] , the summer hydrography of the Laptev and East Siberian Seas is dominated by the wind patterns over the shelf and over the Arctic Ocean. While winds in 1993 were cyclonic, causing the freshwater plume from the Lena to remain on the shelf, winds in 1995 were offshore, causing a wider spread of riverine waters over the shelf and into the Amundsen Basin. Wind vectors from these years are shown in Figures 1b and 1c .
[21] In 2007, winds were cyclonic over the central Arctic; average summer winds north of the New Siberian Islands were easterly, turning northerly over much of the Laptev Sea. This caused much of the outflow from the Lena to remain on the shelf in the Laptev Sea. South of the New Siberian Islands winds were significantly weaker. The Siberian Coastal Current normally transports freshwater eastward on the continental shelf south of the New Siberian Islands , though this circulation can reverse, as it did in 1995 [Münchow et al., 1999] . Since the residence time of river water on the shelf is on the order of 3.5 years [Schlosser et al., 1994] , most of the freshwater in our samples from the East Siberian Sea is likely to originate from the Lena River (from previous years' discharge that was transported eastward in the coastal current), with some contribution of water from the 2007 river discharge of the Kolyma and Indigirka. Under the strong southeasterly winds predominant in the East Siberian Sea in the summer of 2007, it is this water that is observed in the central and eastern sections, as shown in Figure 1a .
[22] Pacific water is only present in the easternmost stations in 2007, where it accounts for up to 40% of the surface layer. However, the meteoric water fraction in 2007 is still considerably larger than that observed in data from 1993 and 1995. Weingartner et al. [1999] hypothesizes that the Siberian Coastal Current is deflected offshore and mixes with Bering Strait inflow at a position that will vary considerably, depending on river outflow and wind conditions. The easterly/southeasterly winds of 2007 would favor upwelling and weaken the coastal current, forcing it offshore or possibly even leading to a reversal. This mechanism could effectively allow Pacific-derived waters to flow farther to the west than normal.
[23] 2007 was an unusual year in a modern perspective, with sea ice extent reaching a record minimum. However, many of the IPCC AR4 models predict further reductions in sea ice extent over the next century [Overland and Wang, 2007] -and there are predictions that this may even occur faster than forecast [e.g., . Hitherto, the quantitative use of barium as a tracer for meteoric water has assumed that the ocean was predominantly ice-covered, hence limiting the productivity that leads to its depletion near the surface and the corresponding increase at depth. The retreat of the sea ice cover appears to be bringing about conditions which invalidate this assumption and complicate the use of Ba as a tracer of river water in the Arctic Ocean.
